On the influence of nonlocal molecular vibrations and charge transfer on the spectra of aggregated push-pull chromophores J. Chem. Phys. 134, 154512 (2011) We have derived a simple expression to evaluate the amount of intramolecular charge transfer ͑ICT͒ of -conjugate push-pull systems from the properties of electronegativity ͑͒ and polarizability ͑␣͒ of the corresponding push and pull systems. This simple model is verified from ab initio calculations of disubstituted benzenes, stilbenes, and butadienes ͑push-pull systems͒ and their monosubstituted ͑push or pull͒ systems with various donors and acceptors. The bond length alternation ͑BLA͒ is often used as a good structural parameter to describe the amount of ICT; however, it is not a complete parameter because the amounts of ICT for the same sets of donor/acceptor pairs are different for different bridge systems. Here, we report a parameter composed of polarizability and electronegativity to give a consistent amount of ICT for different bridge systems. In particular, when a highly electropositive donor is used, the polarizability of an acceptor is the most determining factor for ICT. On the basis of this model, we find a very strong acceptor with large polarization effect, CHvC 5 H 4 , which gives a large nonlinear optical ͑NLO͒ response when a highly electropositive donor is used. The model would be a very useful utility to design various types of new functional molecular systems involving ICT optimization.
Intramolecular charge transfer of -conjugated push-pull systems in terms of polarizability and electronegativity We have derived a simple expression to evaluate the amount of intramolecular charge transfer ͑ICT͒ of -conjugate push-pull systems from the properties of electronegativity ͑͒ and polarizability ͑␣͒ of the corresponding push and pull systems. This simple model is verified from ab initio calculations of disubstituted benzenes, stilbenes, and butadienes ͑push-pull systems͒ and their monosubstituted ͑push or pull͒ systems with various donors and acceptors. The bond length alternation ͑BLA͒ is often used as a good structural parameter to describe the amount of ICT; however, it is not a complete parameter because the amounts of ICT for the same sets of donor/acceptor pairs are different for different bridge systems. Here, we report a parameter composed of polarizability and electronegativity to give a consistent amount of ICT for different bridge systems. In particular, when a highly electropositive donor is used, the polarizability of an acceptor is the most determining factor for ICT. On the basis of this model, we find a very strong acceptor with large polarization effect, CHvC 5 H 4 , which gives a large nonlinear optical ͑NLO͒ response when a highly electropositive donor is used. The model would be a very useful utility to design various types of new functional molecular systems involving ICT optimization. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1413986͔
I. INTRODUCTION
Charge transfer ͑CT͒ is an important subject in many chemical and biological problems. [1] [2] [3] In particular, how to optimize the amount of CT in a -conjugated push-pull system is a critical issue for practical applications such as design of nonlinear optical ͑NLO͒ materials. 4, 5 Materials exhibiting a large NLO response are of great interest for opto-electronic and photonic applications. Conjugated organic compounds have been the focus of many experimental and theoretical investigations, because CT is important for NLO response and their delocalized -system is considered to be a good bridge for CT from donor to acceptor. Thus, such several -conjugated systems as benzene, stilbene, thiophene, polyene, and polyyne have been studied extensively. Recently, we reported that the polyenic chain is a better bridge for long path while the polyynic chain is better for short bridge mainly due to the mobility of the -electrons. 5͑a͒ The rate of CT through insulating molecular spacers is reported to depend strongly on the nature of chemical bonding of spacer. Sachs et al. 6 measured the rate of interfacial CT between a gold electrode and a ferrocene group covalently connected to gold by -conjugated spacer and trans alkane spacer. The values of rate constant for CT is observed to be orders of magnitude larger for the -conjugated spacer than the trans alkane one. Oudar and Chemla employed the equivalent internal field ͑EIF͒ model to understand nonlinear optical responses in monosubstituted systems. 7 In the EIF model, the major part of the quadratic hyperpolarizability of a monosubstituted conjugated molecule is attributed to the distortion of the bridge system by the substituent radical. The action of the substituent on the -electrons of the bridge is described by an equivalent internal field. The presence of both donor and acceptor at opposite ends of the bridge results in an additional contribution due to intramolecular charge transfer ͑ICT͒. For a donor-bridge-acceptor ͑D-B-A͒ system, the ICT is influenced by the bridge as well as the substituents. As an extension of the EIF method, the additivity model was proposed to deal with disubstituted derivatives. 8 To design a new electro-optic material, the amount of ICT should be optimized because the hyperpolarizability is found to decrease when the strengths of both donor and acceptor are too strong. This phenomenon has been understood from a two-state approximation because the CT-excited-state term dominates the perturbation sum for the value of hyperpolarizability. 9 The dipole moment due to ICT ( CT ) is often used as a parameter. The amount of ICT has been roughly approximated from the measurement of structural distortion associated with it, in particular for the -conjugated systems. considered to be a good indicator for ICT in many related -conjugated systems. 10 Balakina et al. investigated the nonlinear optical responses by varying the degree of the groundstate polarization via the application of an external electric field in acceptor substituted carotenoids. 11 They observed a stepwise evolution of the longitudinal component of the dipole moment with the field, caused by CT toward the acceptor end of the molecule. Due to the abruptness in the dipole moment evolution with field or BLA, the peaks of polarizability ͑␣͒, first hyperpolarizability ͑␤͒, and second hyperpolarizability ͑␥͒ occur over narrow ranges. Thus, optimization of the structural conditions for the maximum molecular polarizabilities has been a difficult task. Here, we study ICT in push-pull systems, and derive a simple expression to evaluate the amount of ICT from the properties of electronegativity ͑͒ and polarizability ͑␣͒ of push and pull systems.
II. THEORETICAL APPROACHES
It is known that for a diatomic molecule AB, the equilibrium charge ͑Q AB : the amount of charge separation at the equilibrium geometry; q A ϭQ AB and q B ϭϪQ AB ͒ and polarizability (␣ AB ) are related to electronegativities ͑ A and B ͒ of atoms from the electronegativity equalization approximation
where is twice the hardness of each atom; ␥ AB is related to the electrostatic interaction between two sites; R AB is the distance between A and B. Previously, it was reported that the physical properties originated from ICT can be obtained from the superposition approximation. 13 Applying the superposition approximation, the amount of ICT (Q CT ) in a push-pull system can be defined as
where the subscripts DA ͑push-pull system͒, DH ͑push system͒, HA ͑pull system͒, and HH represent the system with donor and acceptor, the system with donor, the system with acceptor, and the system only with H atoms, respectively. Using the relationship of Q AB from EEA ͓combining Eqs. ͑1͒, ͑2͒, and ͑4͔͒, Q CT can be reexpressed in push-pull systems as 
III. CALCULATION METHODS
To verify the above linear relationship in push-pull systems, we calculated
, where r i and q i denote the position and the charge of the ith atom in push-pull systems, respectively. The charges were obtained from the dipole moment derivatives, which are known to give a reasonable value for planar molecules. 16 As pointed out previously, in planar systems all perpendicular charge fluxes, and in fact, the perpendicular fluxes of any in-plane moment, are zero.
16͑a͒ Thus, for a planar molecule in the x -y plane we have ‫ץ‬q B /‫ץ‬z A ϭ0 by symmetry. Then, the static point charges are obtained from q A ϭ‫ץ‬ z /‫ץ‬z A .
16͑a͒ This forcerelated atomic charge exactly reproduces the molecular dipole moments of planar molecules. The electronegativity was shown by Mulliken to be ϭ(IϩA)/2, where I and A are the ionization energy and electron affinity, respectively. 17, 18 From the Koopmans' theorem, the I and A are obtained from HOMO and LUMO energies, respectively. 19 Hence, we obtain the electronegativity using ϭϪ(E HOMO ϩE LUMO )/2.
First, we verify Eq. ͑8͒ for different bridge systems ͑butadiene, benzene, and stilbene͒ with typical donors of NH 2 , OMe, and OH, and typical acceptors of NO 2 , Cl, and CHO. Then, we have studied benzene derivatives (D-C 6 H 4 -A) with diverse donor-acceptor pairs, where DϭO Ϫ , NMe 2 , or NH 2 , and AϭN 2 ϩ , NO 2 , BCl 2 , BH 2 , BF 2 , CN, or NC. All the values ͑dipole derivatives, orbital energies, and polarizabilities͒ were calculated using the Becke-3-Lee-Yang-Parr density functional theory ͑B3LYP͒ with 6-31G* and 6-31ϩG* basis sets. 20 The density functional theory is widely used to obtain and I of a molecule, and is considered to give reasonable values.
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IV. RESULTS AND DISCUSSION
In push-pull systems, some physical properties are nonadditive ͑i.e., properties of donor-acceptor pair are larger than the sum of those of donor and acceptor properties͒, and this is mainly due to ICT. Owing to the complexity of the origin of ICT, it has been a difficult task to obtain the amount of ICT in various systems. Recently, Mhin et al. investigated the relationship between CT and the effective conjugate coordinate ͑ECC͒, which is equivalent to BLA in disubstituted benzenes. 13 Though the ECC has a good relationship with the CT , the proportional constant highly depends on the donor group ͑in particular, polarizability of donor group͒, implying that ECC alone cannot properly describe the ICT. We investigated CT for different bridge systems with the same donor and acceptor sets. ͒. This is because the charge transfer is affected by the characteristics of -electrons depending on different bridges as well as D/A pairs. Figure 2 shows the variation of CT with the BLA for different linker systems. This also clearly shows that the amount of ICT is highly dependent on the bridge system, and cannot be in a single straight line. Within each bridge system, the amount of ICT has a good linear relationship with BLA. For stronger D/A pairs, the BLA is larger in the benzene bridge system, while it is smaller in the stilbene and butadiene bridge systems. This can be understood from the twostate ͑ground-and CT-excited states͒ model. For the ground state, the BLA is zero in the benzene system, but it is nonzero in the stilbene and butadiene systems. On the other hand, for the CT-excited state, the situation is reversed; the BLA approaches nonzero in the benzene system, while it approaches zero in the stilbene and butadiene systems. For the push-pull system ͑D/A pair system͒, there is a certain amount of ICT; thus, the CT 's of butadiene, benzene, and stilbene systems show different trends with respect to BLA. In fact, the BLA has often been used to optimize structures to obtain the maximum hyperpolarizability for the same type of bridge system; however, optimization conditions leading to the maximum molecular polarizabilities have been tricky. Thus, it is of importance to derive a simple and useful expression to obtain the amount of ICT ͑which is independent of backbone bridges͒ in push-pull systems.
From the electronegativity equalization, we obtained an expression of the amount of ICT in terms of polarizabilities and electronegativities, as shown in the previous section. The induced dipole moment is proportional to the amount of ICT, that is, CT ϭRQ
CT
. This indicates that CT has a linear relationship with ͓⌬ DH ͑␣ HA Ϫ␣ HH ͒ϩ⌬ HA ͑␣ DH Ϫ␣ HH )]/R from Eq. ͑8͒, implying that the ICT has two origins: electronegativity and polarizability. The first term arises from the electronegativity of a donor system and the polarizability of an acceptor system, while the second term stems from the electronegativity of an acceptor system and the polarizability of a donor system. Hence, the ICT of a push-pull system can be estimated from the cross correlation of electronegativities and polarizabilities of push ͑DH͒ and pull ͑HA͒ systems. Table I lists the B3LYP/6-31G* predicted polarizabilities and electronegativities of X-B, where XϭNH 2 , OMe, OH, NO 2 , Cl, CHO, and H, and Bϭbutadiene, benzene, and stilbene. In all bridge ͑B͒ cases, the electronegativities of donor systems are smaller than that of the XϭH system, while those of acceptor systems are larger than that of the XϭH system. These results are consistent with the fundamental concept of donor and acceptor. Thus, the B3LYP results are reasonable, and often used for the calculation of orbital energies, ionization potential, and electron affinity. The value of electronegativity decreases with electron donation strength, and increases with the acceptance strength. Table II lists the CT and R obtained from B3LYP/6-31G* for push-pull butadiene, benzene, and stilbene systems with typical donors of NH 2 , OMe, and OH, and acceptors of NO 2 , Cl, and CHO. The distances between donor and acceptor for a given bridge system are only within a small variation, and can be considered to be constant as approximated in Eq. ͑7͒. Figure 3 shows a good linear relationship between CT and ͓⌬ DH ͑␣ HA Ϫ␣ HH ͒ ϩ⌬ HA ͑␣ DH Ϫ␣ HH )]/R. This confirms that our expression is valid, and indicates that the amount of ICT can be estimated from the electronegativities and polarizabilities of push and pull systems, because the polarizability or electronegativity of push and pull systems includes the characteristic backbone polarization of each bridge system. It is very important that the CT gives a good linear relationship with ͓⌬ DH ͑␣ HA Ϫ␣ HH ͒ϩ⌬ HA ͑␣ DH Ϫ␣ HH )]/R for all the different -conjugated bridge systems. Hence, for any kind of bridge systems, the amount of ICT in push-pull systems can be estimated from the polarizabilities and electronegativities of the push and pull systems.
We have studied benzene derivatives (D-C 6 H 4 -A) with highly effective donor-acceptor pairs using 6-31ϩG* basis sets, where DϭO Ϫ , NMe 2 , or NH 2 , and AϭN 2 ϩ , NO 2 , BCl 2 , BH 2 , BF 2 , CN, or NC. Along with the values of ␣ and for X-C 6 H 5 in Table III , the obtained ICT-driven dipole moments and path lengths are listed in Table IV . The negative electronegativity of C 6 H 5 O Ϫ ͑Ϫ0.060 a.u.͒ implies that it is highly electropositive and becomes unstable when an electron is attached, and O Ϫ acts as a very strong electron donating group. Based on the electronegativity, electron donating power is on the order O Ϫ ϾNMe 2 ϾNH 2 , and electron withdrawing power is on the order N 2 ϩ ϾNO 2 ϾBCl 2 ϾBH 2 ϾCNϾBF 2 ϾNC. Thus, the CT for NO 2 is expected to be larger than that for BCl 2 ; however, in all donor systems the CT values give the opposite trend. This is due to the larger polarizability of BCl 2 ͑145.3 a.u.͒ than NO 2 ͑113.5 a.u.͒, as seen in Eq. ͑8͒. This is more evident when the change of CT is investigated for three different donor systems. Fig. 4 shows a good linear relationship, as in Fig. 3 . Thus, the amount of ICT from a donor site toward an acceptor site in push-pull systems can be modulated from the electronegativities and polarizabilities of each push/pull system as expected from Eq. ͑8͒. In the case when the donor group is fixed ͑⌬ DH and ␣ DH are fixed͒, the amount of ICT is determined by ⌬ HA and ␣ HA of the pull systems ͑with acceptor͒. In particular, when the donor is highly electropositive ͑⌬ DH is very large͒, the polarizability (␣ HA ) of the acceptor group becomes a critical factor to determine the amount of ICT. Our simple model is useful to evaluate the amount of ICT in push-pull systems. This is very important in that the amount of ICT can be modulated by appropriate selection of donor and acceptor in push-pull systems, in particular by the cross product of polarizability/ electronegativity and electronegativity/polarizability of donor/acceptor and acceptor/donor, respectively. The modulation of ICT is of vital importance to design new functional molecules related to ICT ͑such as NLO material͒.
Previously, Marder et al. reported that the bond length alternation ͑BLA͒ is an important parameter to the NLO response. 10 For the optimal BLA, they succeeded in designing new materials with highly enhanced properties. 22 In a similar fashion, the optimal tuning of ICT with electronegativity and polarizability of monosubstituted systems can lead to designing new materials. To this end, we have investigated the fulvene (CHvC 5 H 4 ) system which is considered as a good electron acceptor. The polarizability and electronegativity of CHvC 5 H 4 are 253.1 and 0.153 a.u., respectively. Thus, fulvene is not a good electron acceptor in the category of electronegativity; however, it is a very good electron acceptor in the category of polarizability. Hence, it is expected that the ICT is large for fulvene system when a very electropositive donor group is used. Indeed, the values of CT are 3.656 and 0.801 a.u. for Ϫ O-C 6 H 4 -CHvC 5 H 4 and H 2 N-C 6 H 4 -CHvC 5 H 4 , respectively. We find that the first hyperpolarizability of Ϫ O-C 6 H 5 -CHvC 5 H 4 is highly enhanced ͑about five times the value of NH 2 /NO 2 ͒, due to the large ICT by high polarization of C 6 H 5 -CHvC 5 H 4 and highly electropositive effect of Ϫ O-C 6 H 5 .
V. CONCLUSION
We have elucidated the origin of ICT in push-pull systems, and described a simple model to estimate the amount of ICT for various systems as a function of the properties of monosubstituted systems. The model has been verified from the studies of various push-pull bridge systems of butadiene, benzene, and stilbene, with various donor and acceptors. We have found that the amount of ICT for a push-pull system can be estimated by the electronegativities and polarizabilities of push and pull systems. In particular, when the donor is highly electropositive ͑⌬ DH is very large͒, the polarizability (␣ HA ) of the acceptor group becomes a critical factor to determine the amount of ICT. In this way, we have predicted that a fulvene is a very powerful electron acceptor. The main reason that the fulvene can be a good acceptor group is not electronegativity but polarizability. Indeed, it is demonstrated from ab initio calculations that the first hyperpolarizability of Ϫ O-C 6 H 5 -CHvC 5 H 4 is highly enhanced ͑about five times the value of NH 2 /NO 2 ͒, due to the large ICT by high polarization of C 6 H 5 -CHvC 5 H 4 and highly electropositive effect of Ϫ O-C 6 H 5 . Thus, the present CToptimization model would be a very useful utility to design various types of new functional molecular systems involving ICT.
ACKNOWLEDGMENT
This work was supported by Korea Institute of Science and Technology Evaluation and Planning ͑2000͒.
